We sought to evaluate the relationship between cell division and protein expression when using commercial poly(ethylenimine) (PEI)based polyplexes. The membrane dye PKH26 was used to assess cell division, and cyan fluorescent protein (CFP) was used to monitor protein expression. When analyzed at the whole population level, a greater number of cells divided than expressed protein, regardless of the level of protein expression observed, giving apparent consistency with the hypothesis that protein expression requires cells to pass through mitosis in order for the transgene to overcome the nuclear membrane. However, when the polyplexexposed population was evaluated for the amount of division in the proteinexpressing subpopulation, it was observed that substantial amounts of expression had occurred in the absence of division. Indeed, in HeLa S3 cells, this represented the majority of expressing cells. Of interest, the doubling time for both cell lines was slowed by ∼2-fold upon exposure to polyplexes. This change was not altered by the origin of the plasmid DNA (pDNA) transgene promoter (cytomegalovirus (CMV) or elongation factor-1 alpha (EF1α)). Gene expression arrays in polyplex-exposed HeLa S3 cells showed upregulation of cell cycle arrest genes and downregulation of genes related to mitosis. Chemokine, interleukin, and toll-like receptor genes were also upregulated, suggesting activation of proinflammatory pathways. In summary, we find evidence that a cell division-independent expression pathway exists, and that polyplex exposure slows cell division and increases inflammatory response.
■ INTRODUCTION
The role of cell division in gene expression is important to understand in order to guide the development of better nonviral gene delivery materials. Microinjection experiments have repeatedly confirmed that transgenes must reach the nucleus to generate a gene product, 1−5 indicating that the nuclear membrane is a major barrier to gene expression. Some studies have shown that nuclear uptake of plasmid DNA (pDNA) is strongly dependent on cell division 4,6−11 with seminal work having been done by Mario Capecchi more than 30 years ago. 1 Other research has shown that cell division is not required for nuclear uptake of pDNA 12−16 with most studies exploiting nuclear localization signals (NLS) for transport through nuclear pore complexes. 17 Indeed, Zanta et al. have shown that a single NLS is able to translocate pDNA to the nucleus. 18 Much of this previous research employed microinjection or synchronization methods. Cooper has raised concerns that chemically synchronized cells do not reflect specific cell ages that are representative of the normal cell cycle. 19 Additionally, microarray analysis of gene expression patterns has cast doubt that a conventional double thymidine block is able to synchronize cells. 20 The drawbacks to microinjection experiments are that relatively low numbers of cells can be analyzed (usually on the order of tens to hundreds), the average volume injected into each cell can vary substantially, 21 and material intended for the nucleus can be deposited into the cytoplasm. The limitations of synchronization and microinjection techniques indicate a need for a complementary method that can analyze the relationship of cell division and gene expression.
We designed a flow cytometry experiment to test the relationship of protein expression and cell division. This method utilizes large numbers of cells without perturbing the cell cycle with physical or chemical methods. The lipophilic dye PKH26 was used to assess division because it evenly stains the cell membrane and is divided approximately equally between daughter cells upon mitosis. 22−24 Protein expression was monitored by fluorescence of cyan fluorescent protein (CFP). Polyplexes were formed between pDNA and jetPEI, a potent poly(ethylenimine) (PEI)-derivative transfection reagent, and delivered to HeLa S3 and 293A cells. As an early clone of the parent HeLa cell line, 25 HeLa S3 cells were used because they are established and commonly used. 293A cells were used because they produce high levels of transgene expression as the parent line was transformed with sheared human adenovirus type 5 DNA. 26 Our experiment was designed to test whether or not cell division was required for protein expression.
We find that the number of polyplex-exposed cells that has divided is consistently greater than that expressing protein. This result provides apparent consistency with a model where cells divide in the course of gene expression because enough division has occurred to account for the entire expressing population. However, when we analyzed the amount of division in only the protein-expressing cells, we obtained evidence for expression occurring in the absence of cell division. This result substantiates a division-independent pathway. In the course of these experiments, we also discovered that exposure to polyplexes slowed the doubling time of both HeLa S3 and 293A cells by ∼1.2 to 2.5 times. Gene expression arrays suggest that the cells are arrested in the G 1 phase of the cell cycle and that polyplex exposure induces innate inflammatory gene expression. Together, these results demonstrate the need for development of nonviral gene delivery particles that mitigate the induction of inflammatory responses and alteration of the cell cycle progression. No. 15250; Life Technologies) and percent recovery averaged 91 ± 3% and 72 ± 16%, respectively. Control cells that were not stained with PKH26 were still subjected to the staining reaction, albeit with no PKH26 dye present, and showed similar viability (94 ± 3%) and recovery (84 ± 17%) as the stained cells. Similar percentages were also obtained for stained and control HeLa S3 cells. Cells were seeded at 80,000 cells/well in 12-well tissue culture-treated plates (Cat. No. 353043; Becton, Dickinson and Company; Franklin Lakes, NJ) in 800 μL of complete medium, and incubated at 37°C with 5% CO 2 for 5 to 6 h prior to transfection (see Supporting Information for the  rationale for the short incubation time) .
DNA Preparation. The pDNAs used were 4.1 kb CFPencoding pDNA (pAmCyan1-C1; Cat. No. 632441; Clontech; Mountain View, CA), 5.1 kb blank pDNA that encoded for no fluorescent reporter protein (gWIZ-blank; Cat. No. 5008; Aldevron; Fargo, ND), and 5.8 kb green fluorescent protein (GFP)-encoding pDNA (gWIZ-GFP; Cat. No. 5006; Aldevron). These pDNAs were all driven by the CMV immediateearly promoter (P CMV-IE ). A fourth pDNA, 5.5 kb in size and GFP-encoding, was custom synthesized by Aldevron to be the same as gWIZ-GFP except that it contained the human elongation factor-1 alpha (EF1α) nonviral transgene promoter from pEF1α-AcGFP1-C1 (Cat. No. 631974; Clontech) instead of the CMV promoter. All components of the gWIZ-GFP-EF1α pDNA were nonviral in origin. All pDNAs were amplified after transformation of DH5α Escherichia coli cells (Cat. No. 18265; Life Technologies) according to the manufacturer's protocol, and LB Broth (Cat. No. 12780; Life Technologies) supplemented with 50 μg/mL kanamycin (Cat. No. K0254; Sigma-Aldrich) was used as the medium. The pDNAs were purified from the cells with a Qiagen EndoFree Plasmid Mega Kit (Cat. No. 12381; Venlo, Netherlands) according to the manufacturer's instructions. A fifth DNA sample was sheared salmon sperm DNA (ssDNA; Cat. No. AM9680; Applied Biosystems; Foster City, CA), which was also taken through the Qiagen EndoFree purification for consistency with the pDNA samples. All DNA samples were nonpyrogenic according to a Kinetic-QCL assay (BioWhittaker, Inc.; Walkersville, MD) and tested negative for RAW-Blue cell (Cat. No. raw-sp; InvivoGen; San Diego, CA) activation according to a QUANTI-Blue enzymatic assay (Cat. No. rep-qb1; InvivoGen).
Polyplex Formation. Polyplexes were formed in DNase/ RNase-free water (Cat. No. 10977; Life Technologies) between jetPEI (Cat. No. 89129-940; VWR International; West Chester, PA) and each of the five DNA samples at an N/P (±) ratio of 10, where N represents the nitrogen residues in the cationic polymer and P represents the phosphate residues in the DNA backbone. An equal volume (20 μL) of jetPEI in water was added to 20 μL of 40 μg/mL DNA in water, and the resultant solution was incubated at room temperature for ∼20 to 30 min. Cells plated in 12-well plates were transfected with 40 μL of polyplex solution/well containing 0.8 μg of DNA. For samples exposed to jetPEI only, the same amount of jetPEI per 40 μL of total solution was used, replacing the DNA with an equal volume of water.
Cell Transfection. Prior to transfection, the complete medium was aspirated, the cells were washed once with phosphate buffered saline (PBS; Cat. No. 10010; Life Technologies), and 800 μL of serum-free medium (SFM) was added back to each well. To transfect the cells, 40 μL of either the polyplex or polymer-only solution was added to the appropriate wells, and the cells were incubated at 37°C with 5% CO 2 . After 3 h, the SFM was aspirated and replaced with 800 μL of complete medium. The cells were again incubated at 37°C with 5% CO 2 until the selected time point, whereupon the cells were harvested for analysis by flow cytometry. or time point, for example, indicates cells that were exposed to polyplexes in SFM for 3 h and then incubated 21 h further in complete medium prior to harvesting.
Flow Cytometry. Cells were harvested for analysis by flow cytometry by trypsinization with 200 μL of trypsin/well after rinsing once with PBS. Complete medium (1 mL) was added to each well to inhibit the trypsin, and resultant suspensions were centrifuged for 5 min at 835g. Cell pellets were resuspended in 1 mL of PBS, and 7-aminoactinomycin D (7AAD; Cat. No. A1310; Life Technologies) was added to a final concentration of 1 μg/mL as a viability marker. 7AAD single dye controls were made by resuspending the cell pellet in 500 μL of PBS, adding an equal volume of 200 proof ethanol (Cat. No. 2716; Decon Laboratories; King of Prussia, PA), and subsequently adding 7AAD to a final concentration of 5 μg/mL. All samples were incubated on ice for 30 min, centrifuged for 5 min at 835g, and resuspended in PBS. The cells were analyzed with an Epics XL-MCL Flow Cytometer (Beckman Coulter; Brea, CA), collecting 10,000 events per sample. We analyzed three technical replicates per sample, and experiments were repeated at least three independent times.
Because three (or more) colors cannot be easily manually compensated due to their interdependence, 27 data analyses were performed using Weasel software (Version 2.7.4; Walter and Eliza Hall Institute; Melbourne, Australia) and a custom code written in MATLAB (Version 7.8.0.347; The MathWorks; Natick, MA) that follows standard compensation protocols. 28−31 Median (as opposed to mean) fluorescence intensity is used throughout this manuscript because it is relatively insensitive to outliers in the data. Curves of best exponential fit were determined using Microsoft Excel for Mac (Redmond, WA). The exponential fits were constrained to go through the PKH26-only data point at 0 h because the cells for all the different treatments were stained in a single reaction. Cells positive for 7AAD were gated out of the analyses but never represented more than 2−3% of any given sample. Previous data from our group has also shown that these transfection conditions are not cytotoxic according to XTT and LDH assays. 32 Total RNA Extraction and PCR Arrays. HeLa S3 cells were plated in triplicate as described above except that cells were not stained with PKH26. (Control experiments showed that PKH26-staining did not affect the rate of proliferation see Figure S1 in the Supporting Information.) The transfection experiment was performed in 6-well tissue culture-treated plates (Cat. No. 353046; Becton, Dickinson and Company) with all reagents and cell numbers scaled up according to the growth area of the wells. Again, cells were exposed to jetPEI only or to polyplexes made between jetPEI and either gWIZ-GFP or gWIZ-GFP-EF1α pDNA. At 4 and 24 h following transfection, total RNA from each sample was isolated using the Qiagen RNeasy Mini Kit (Cat. No. 74104). Cell lysates were homogenized using Qiagen QIAshredder spin columns (Cat. No. 79654), and on-column DNase digestions were performed with an RNase-Free DNase Set (Cat. No. 79254; Qiagen). The experiment was repeated three independent times yielding three biological replicates for each sample (the one exception is described in the Figure S7 caption in the Supporting Information), and all biological replicates were subjected to quality control procedures and analysis by PCR arrays at the same time.
Quality control for each sample was assessed by measuring RNA concentration and purity with a UV spectrophotometer (NanoDrop 2000; Thermo Fisher Scientific), and by measuring rRNA integrity with an Agilent 2100 BioAnalyzer (Agilent Technologies; Santa Clara, CA). The RT 2 First Strand Kit (Cat. No. 330401; Qiagen) was used according to the manufacturer's protocol (500 ng total RNA per sample) to synthesize the complementary DNA (cDNA). The cDNA samples were analyzed for changes in gene expression as compared to the untreated control by both Human Cell Cycle (Cat. No. PAHS-020E) and Inflammatory Response and Autoimmunity (Cat. No. PAHS-077E) RT 2 Profiler PCR arrays from Qiagen. We used an ABI 7900HT Fast Real-Time PCR System (Life Technologies; Carlsbad, CA) with a 384-well block module, the manufacturer's recommended thermal cycling conditions, and the Qiagen RT 2 SYBR Green qPCR Mastermix (Cat. No. PA-112). Each plate contained 4 × 96 genes with each set of 96 containing 84 pathway-related genes plus genomic DNA contamination, reverse transcription, and positive PCR controls, and 5 housekeeping genes (β 2 microglobulin, hypoxanthine phosphoribosyltransferase 1, ribosomal protein L13a, glyceraldehyde 3-phosphate dehydrogenase, and β-actin), all of which were used for normalization. The data were analyzed using the 2 −ΔΔCt method, and genes that exhibited greater than or equal to 2-fold up-or downregulation were considered different from the control. Statistical significance was determined using false discovery rate, where a p-value of 0.05 indicates at most 5% false positives. 33, 34 ■ RESULTS
Relationship of Cell Division and Protein Expression.
A two-color flow cytometry experiment was designed to quantify the relationship between cell division and protein expression for PEI-based polyplexes. The membrane dye PKH26 was used to assess division, and fluorescence of CFP was used to monitor protein expression. PKH26-stained HeLa S3 and 293A cells were transfected for 3 h with polyplexes formed between CFP-encoding pDNA and jetPEI. The dilution of PKH26 in treated and untreated samples was observed by flow cytometry over 2 days following transfection ( Figure 1 ; see Figure S2 in the Supporting Information for representative 293A data).
We compared the number of polyplex-exposed cells that had divided to the number that expressed protein. The number of cells that had divided was measured by comparing the initial PKH26 intensity (at 0 h) to the final PKH26 intensity (at ∼48 h). The number of cells expressing CFP was measured by comparing CFP fluorescence intensity to that of the untreated (but still PKH26-stained) control ( Figure 2 ; see Figure S3 in the Supporting Information for data showing pDNA uptake). Consistently, the number of cells that had divided was greater than the number of cells that expressed CFP (Table 1) . This held true regardless of the percent of protein expression observed (38 ± 9% for HeLa S3 and 84 ± 5% for 293A). For example, in HeLa S3 experiment #1, out of 10,000 measured cells, 6000 ± 800 had divided and 2400 ± 200 expressed CFP. Table 1 shows the results from the full sets of experiments in HeLa S3 and 293A cells.
The polyplex-exposed population was subdivided into cells that expressed CFP and cells that did not express CFP. By comparing the initial PKH26 intensity to the final PKH26 intensity, we determined the number of cells that had divided in the population expressing CFP (Table 1) . For 293A cells, the majority of cells that expressed CFP had also divided (69% to 93% of expressing cells), whereas for HeLa S3 cells, the Figure S4 in the Supporting Information.
Effect of Cationic Polymer-and Polyplex-Exposure on Cell Doubling Times. HeLa S3 and 293A cells exposed to polyplexes formed with any of the five types of DNA divided ∼1.2 to 2.5 times more slowly than control cells, but cells exposed to only the cationic polymer, jetPEI, divided at a similar rate as control cells (Figure 3 ). For both cell lines, these effects were consistently observed over multiple independent experiments, each sample being tested at least three independent times. The doubling times of the samples were extracted from curves of best exponential fit, the averages of which are shown in Figure 3b and Table S1 in the Supporting Information.
Representative data showing the effect of blank pDNA polyplexes on COS-7 cells also demonstrates the slowed doubling time result. Figures S5a and S5b in the Supporting Information show representative data for the dilution of PKH26 in HeLa S3 and COS-7 cells over time, respectively. Figure S5c in the Supporting Information shows that exposure to the pDNA alone does not affect doubling time, and Figure  S5d in the Supporting Information shows the average doubling times (from Figure 3b ) of untreated and CFP polyplex-treated HeLa S3 cells in terms of PKH26 intensity over time, illustrating that even when the error on the doubling times is considered, polyplex-exposed cells exhibit a substantially slowed doubling time.
Senescence-Associated β-Galactosidase Assays. The semiquantitative senescence-associated β-galactosidase (SA-βgal) assay detects the level of the lysosomal hydrolase βgalactosidase that is increased in senescent cells over quiescent or normally proliferating cells. At pH 6.0, the β-galactosidase cleaves X-gal in senescent cells, leading to formation of a perinuclear blue-green precipitate that is observable by light microscopy. 35, 36 In both polymer-and polyplex-treated HeLa S3 and 293A cells, senescence was not observed 48 h posttransfection over that of background levels observed in normally proliferating cells ( Figure S6 in the Supporting Information).
Gene Expression in HeLa S3 Cells Related to the Cell Cycle and Inflammatory Response and Autoimmunity by Targeted PCR Arrays. The changes in expression of 84 cell cycle-related genes and 84 inflammatory response and autoimmunity-related genes were observed in polymer-and polyplex-exposed cells. The goal of the array study was to probe possible mechanisms by which polyplex exposure slowed HeLa S3 cell division, and to investigate differential responses based on the viral versus nonviral nature of the transgene promoter. Overall, the changes in gene expression were similar for both kinds of polyplexes (i.e., differences due to the viral vs nonviral nature of the transgene promoter were not observed). For the majority of affected genes at 24 h following transfection on both types of arrays, the polyplex-exposed samples were similarly up-or downregulated and the polymer-only sample was unchanged as compared to the untreated control.
The genes upregulated by the largest magnitude on the cell cycle array were CDKN1A, CHEK2, DIRAS3, GADD45A, HERC5, and SERTAD1 ( Table 2 ). These genes were upregulated 24 h following transfection in both polyplexexposed samples but were unchanged in the polymer-only sample, with the exception of GADD45A, which was upregulated 4-fold in the polymer-only sample. Four of these genes (CDKN1A, CHEK2, DIRAS3, and GADD45A) have been shown to function in cell cycle arrest or inhibition pathways, generally in response to stress stimuli such as DNA damage. The genes downregulated by the largest magnitude on the cell cycle array were CCNB1, CCNF, CDK5R1, CDKN3, KPNA2, MAD2L1, MRE11A, and TFDP1 (Table 2) . At 24 h following transfection, these genes were generally downregulated between 2-and 3-fold in both polyplex-exposed samples but were unchanged in the polymer-only sample. These genes are all related to normal proliferation pathways except for CDKN3, Figure 1 . PKH26 intensity (arbitrary units) of representative HeLa S3 cells treated with polyplexes formed between jetPEI and CFP pDNA over 2 days following transfection as compared to control cells (PKH26 only, ◆ ). Cells expressing CFP ( □ ) and those not expressing CFP (○) are subsets of the whole population (▲) that was treated with polyplexes. Cells were transfected for 3 h beginning at time = 0 h. Each point shows the mean ± SD of three technical replicates with curve of best exponential fit. All data are fit with the PKH26-only datum at 0 h. Figure 2 . Flow cytometry data for representative 293A cells showing expression efficiency for CFP pDNA (CMV) polyplexes. The gate was drawn based on the control cells, and the inset table shows the average percent of expression efficiency for all three protein-encoding polyplexes across both cell lines at ∼48 h following transfection. The chart also shows that cells exposed to CFP pDNA (CMV) polyplexes (red) have higher PKH26 intensity than control cells (gray) at ∼48 h following transfection. which encodes for a cyclin-dependent kinase inhibitor. 37 Figures 4a and 4b show scatterplots comparing the gene regulation of the jetPEI and GFP pDNA (CMV) polyplex treatments to the untreated control at 24 h. Figure S7 in the Supporting Information shows scatterplots of the 4 h treatments as well as the 24 h treatment with GFP pDNA (EF1α) polyplexes, and Table S2 in the Supporting Information shows the full cell cycle array results.
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We observed substantial upregulation of chemokine, interleukin, and toll-like receptor (TLR) genes on the inflammatory response and autoimmunity array ( Table 3) . The chemokine ligand genes (CCL22, CCL3, CCL5, and CXCL10) in the polyplex-exposed samples exhibited the highest magnitude upregulation, up to 1000-fold over the negative control. TNF and a number of interleukin genes (e.g., IL1A, IL1B, IL1R1, IL1RN, IL23A, and IL6), a class of cytokines that act as key regulators of the inflammatory response, were also highly upregulated in polyplex-exposed samples in comparison to the polymer-only treatment. Some genes encoding TLRs (TLR1, TLR3, TLR4, and TLR5), membrane-spanning proteins that activate inflammatory responses, 38 were additionally strongly affected by the polyplex treatments. Table S3 in the Supporting Information shows the full inflammatory response and autoimmunity array results. Figures 4c and 4d show selected scatterplots for the 24 h time point comparing the gene regulation of the jetPEI and GFP pDNA (CMV) polyplex treatments to the untreated control. Figure S7 in the Supporting Information shows scatterplots of was not included because the doubling time of polyplex-exposed cells was a stastical outlier. g Occasionally we were unable to collect 10,000 cells for all three technical replicates. 
■ DISCUSSION
Protein Expression Can Occur without Cell Division. We developed a new approach to assess the relationship of cell division and protein expression. The results show that the number of divided cells is consistently higher than the number of protein-expressing cells, in apparent support of a model where division is required for gene expression. However, when we delineated the number of protein-expressing cells that had divided, it became clear that a division-independent protein expression pathway was operative, regardless of the level of protein expression.
For 293A cells, the majority of cells that expressed protein had divided. Although this appears to support a divisiondependent pathway for protein expression, we observed that 7% to 31% of protein-expressing cells had not divided. In HeLa S3 cells, 44 to 86% of protein-expressing cells had not divided, again showing that protein expression can occur without division, and consistent with a previous study that showed a lack of cell cycle dependence in HeLa cells for transfections with linear PEI. 39 Grandinetti et al. have also shown that linear PEI can induce nuclear membrane permeability, providing a possible route for nucleic acid entry into the nucleus. 40 Our study improves understanding of transfection pathways by demonstrating that the apparent expression pathway is consistent with previous studies showing that cell division is required, but only when one cannot look at the different cell subpopulations. However, when using the quantitative methods employed here, which allow the division of protein-expressing cells to be analyzed, we find that protein expression can occur without division. Indeed, the apparent consistency for the overall cell population with a division-dependent pathway may arise from a coincidence of similar rates of protein expression and cell division.
Polyplex Exposure Slows Cell Doubling Time. This study also improves current understanding of transfection by showing that transfection and subsequent protein expression slow cell division, which studies that employ nondividing cells could not detect. We employed a number of controls to determine the cause of the slowed division, such as a "blank" pDNA of comparable size to the CFP-encoding pDNA. The blank pDNA contains the same cytomegalovirus (CMV) transgene promoter but does not encode for any fluorescent reporter protein. The slowed division of HeLa S3 and 293A cells is not attributable to toxicity of the generated fluorescent protein because when cells are exposed to blank pDNA polyplexes, division is slowed to a similar extent.
We also formed polyplexes with two pDNAs that encode for GFP, one containing a viral transgene promoter (CMV) and the other of completely nonviral origin, containing the EF1α transgene promoter. These pDNAs were used because it has previously been shown that transfection can lead to upregulation of some cytokines (e.g., TNFα, IFNγ, and IL-10) that are able to differentially affect the activity of viral promoters such as CMV in comparison to nonviral promoters such as EF1α. 41−46 We had hypothesized that a pDNA lacking any viral origin would be unaffected by the cytokine upregulation, possibly yielding a normal doubling time. However, regardless of the type of DNA used in the polyplexes, division was consistently slowed.
We also find that the slowed division is not related to a cationic charge density effect of the free polymer, because cells exposed to only free polymer divide at a similar rate as control cells. The amount of free polymer that cells are exposed to in the polymer-only treatments is the same as the total amount of polymer used in the polyplex formulations. The amount of excess free polymer in the polyplex formulations is necessarily less than that in the free polymer-only case because the DNA in the polyplex formulations electrostatically binds some of the polymer. In summary, we find that the generated protein product, the origin of the pDNA transgene promoter, and the cationic charge concentration do not cause the slowed cell division. As another control, we made polyplexes with sheared salmon sperm DNA (ssDNA), which is nonfunctional in terms of expression. Dynamic light scattering measurements of the hydrodynamic diameter of polyplexes formed with the pDNAs or the ssDNA show no appreciable differences (data not shown). Interestingly, exposure to polyplexes made with ssDNA slowed the doubling times of both cell lines, suggesting that a combination of the size and charge of the polyplexes was required to slow the doubling time. Particle size and surface properties have previously been found to affect cellular uptake and responses. 47, 48 The slowed division appears to be a result of toxicity of the polyplexes on the cell, and this was further explored using gene expression arrays.
Cells Exposed to Polyplexes Do Not Enter Cellular Senescence. We investigated senescence, a postmitotic state where cells are no longer able to divide, as a possible mechanism by which the doubling times of polyplex-exposed HeLa S3 and 293A cells were slowed. Replicative senescence was not induced in any sample over the basal level observed in the control. Bringold and Serrano 49 have previously shown that in vitro upregulation of cyclin-dependent kinase inhibitors p16 INK4a , p21 Cip1 , and p27 Kip1 can cause senescence; the PCR arrays described here show no change in gene expression for p16 INK4a or p27 Kip1 in any sample at either time point. CDKN1A, which encodes for p21 Cip1 , was upregulated 2-to 3fold at 24 h in the cells exposed to both types of polyplexes, but the gene encoding for p53 (another protein involved in the p21 Cip1 pathway) was unaffected. Additionally, that p21 Cip1 is required for activating senescence is debated. 50 Together, these data indicate that entering senescence is not a biological effect of exposure to the types of polyplexes used in this study.
Cell Cycle and Inflammatory Response PCR Arrays Suggest Pathways for Slowed HeLa S3 Cell Division. To further probe possible mechanisms by which cell division was being slowed, gene arrays were run on total RNA that was isolated from HeLa S3 cells that had been exposed to either jetPEI only, or to polyplexes formed between jetPEI and either gWIZ-GFP or gWIZ-GFP-EF1α pDNA. The isolated RNA was analyzed by both cell cycle and inflammatory response and autoimmunity PCR arrays for changes in gene expression relative to untreated controls. The inflammatory response and autoimmunity array was used because a preliminary study (data not shown) using the cell cycle array revealed that the hit of greatest magnitude fold change, HERC5, had some relationship in the literature to genes related to inflammatory response.
The cell cycle array shows that the upregulated genes are generally related to stress and cell cycle arrest, and the downregulated genes are generally related to normal pathways of proliferation. SERTAD1 and HERC5 are exceptions to this result that are also described here. The downregulated genes on the cell cycle array, specifically CCNB1, CCNF, and MAD2L1, suggest that normal progression through mitosis is being inhibited. CCNB1 encodes for cyclin B1, a G 2 /M-specific regulatory protein that, once activated, is involved in several of the early events of mitosis; 51 CCNB1 is downregulated 2-fold in both polyplex-exposed samples at 24 h. CCNF is another gene that is similarly downregulated and encodes for a G 2 /M-specific cyclin. 52 MAD2L1 functions as a mitotic checkpoint gene as it encodes for a protein that delays anaphase until the chromosomes have been properly aligned. 53 The downregulation of these three genes suggests that normal progression through mitosis is being inhibited. Interestingly, KPNA2 encodes for a protein that has been shown to interact with NLSs and may regulate transport of proteins across the nuclear membrane; 54 downregulation of KPNA2 could represent a defense mechanism against foreign genetic material entering the nucleus.
The upregulation of CDKN1A, CHEK2, and DIRAS3 in polyplex-but not polymer-exposed cells at 24 h specifically suggests arrest in the G 1 phase of the cell cycle. First, CDKN1 encodes for the p21 Cip1/Waf1 protein in mammalian cells and is upregulated 2-to 3-fold in polyplex-exposed cells. In response to DNA damage, p21 Cip1/Waf1 has been shown to inhibit G 1 /Sand S-Cdks and therefore block cell cycle progression in the G 1 phase, 55 and overexpression of p21 Cip1/Waf1 has been shown to decrease mammalian cell proliferation. 56 Second, though it has also been linked to G 2 phase arrest, 57 CHEK2 has been shown to function as a DNA damage checkpoint by stabilization of tumor suppressor protein p53, which leads to growth arrest at the G 1 /S regulation point. 58 Third, expression of the ARHI protein, encoded for by DIRAS3 which is upregulated 4-to 6fold in polyplex-exposed samples, has been associated with decreased proliferation in some cancerous cell types. 59 In this study, Rosen et al. reported that the ARHI acted by inducing p21 Cip1/Waf1 and downregulating cyclin D1 activity; cyclin D1 activates G 1 -specific Cdks, suggesting that expression of ARHI can inhibit the cell cycle at the G 1 phase. Together, the upregulation of these three genes indicates that a key mechanism of slowed doubling time in polyplex-exposed cells may be arrest in the G 1 phase of the cell cycle, allowing the cells time to attempt to repair the "damage" done by the polyplexes before starting DNA replication in the S phase.
The upregulation of GADD45A in polyplex-exposed samples at 24 h is a biologically interesting result in terms of cell cycle inhibition, although the polymer-only sample shows similar upregulation. GADD45A can be induced by DNA damage and cell growth arrest, 60 suggesting a mechanism by which growth may be arrested in the G 2 /M cell cycle phase. Tumor suppressor protein p53 transcriptionally regulates production of GADD45A protein, 60, 61 however, no significant changes in TP53 were observed here at 24 h, consistent with p53 regulation primarily occurring through post-transcriptional mechanisms. 62 Subsequent research has shown that GADD45A protein interacts with the well-known cell cycle inhibitor p21 Cip1 that is also transcriptionally regulated by p53, 63 but that GADD45A protein is also able to arrest cell cycle progression independently of p21 by inhibiting Cdk1/ cyclin B1 kinase activity, 64, 65 which normally regulates cell cycle progression from G 2 to M. 51 Additionally, CCNB1, which encodes for cyclin B1, is downregulated 2-fold in the polyplexexposed samples at 24 h. Because similar upregulation is observed in polymer-exposed samples at 24 h, the upregulation of GADD45A in polyplex-exposed samples may be irrelevant to the observed slowed division. Alternatively, it may be the case that upregulation of GADD45A is a contributing factor to the observed slowed division via inhibition of progression through the M phase and subsequent division, yet that it is not sufficient to cause the slowed division alone.
SERTAD1 is an upregulated gene in polyplex-exposed samples on the cell cycle array that does not represent a cell cycle inhibition pathway. SERTAD1 encodes for the Cdk4binding protein p34 SEI-1 , also known as TRIP-BR1, and is able to antagonize the function of the Cdk inhibitor protein p16 INK4a . p16 INK4a is normally able to target monomeric Cdks 4 and 6 and inhibit binding to cyclins in response to DNA damage or other environmental inhibitory signals. 66 A subsequent study of p34 SEI-1 revealed that it was able to activate Cdk4 in a concentration-dependent manner. 67 The 3fold upregulation of SERTAD1 in polyplex-exposed samples at 24 h may indicate that the cells are attempting to recover functional growth mechanisms, though recovery of a normal doubling time after 24 h was not observed.
HERC5 is upregulated by the largest magnitude of any gene on the cell cycle array, with polyplex-exposed samples showing 26-to 28-fold upregulation at 24 h. HERC5 upregulation is indicative of an inflammatory response as it has previously been induced by the proinflammatory cytokine tumor necrosis factor α (TNFα) and interleukin 1β (IL1β). 68 Indeed, TNF and IL1B are also strongly upregulated at 24 h in both polyplex-exposed samples, consistent with the characterization of HERC5 as a late inflammatory response gene. 68 TNFα was previously shown to be upregulated in keratinocytes in response to polyplex exposure, 69 and activation of TNFα and IL1β has been shown to be effected through TLRs, 38 which are also strongly affected here by the polyplex and polymer treatments. Interestingly, HERC5 has recently been shown to inhibit the replication of viral particles by blocking assembly, 70 and Gao et al. 71 observed a 5-fold decrease in HERC5 by the same cell cycle array when human epidermal keratinocytes were treated with a fullerene derivative that induces cellular senescence. HERC5 encodes for a ubiquitin ligase member of the HERC protein family called CEB1. 72 This protein has been established as an active E3 enzyme required for posttranslational conjugation of ISG15, a ubiquitin-like protein, to target proteins, with ISG15 upregulation induced by interferons α and β during antiviral responses to infection. 73 More recently, interferon regulatory factor 3 (IRF3) was shown to be a target protein of ISGylation by HERC5 protein; 74 IRF3 is a tightly regulated transcription factor that has been shown to mediate antiviral responses. 75 Upregulation of various chemokine ligand and receptor genes at 24 h also indicates a significant inflammatory response to the polyplexes and, in some cases, even to the polymer alone. Chemokines play a key role in inflammatory response by chemically attracting lymphocytes to the endothelial cells secreting the chemokines. Here, a number of chemokine ligand genes were strongly upregulated in the polyplex-exposed samples, with fold changes ranging from 110-to 1084-fold above the untreated control. CCR1, which encodes for a chemokine receptor, was also upregulated 20-to 24-fold in polyplex-exposed samples; some chemokine receptors have previously been shown to be upregulated in murine kidney tissue following polyplex administration at the same N/P ratio (10) used in this study. 76 The chemokine ligand 10 gene (CXCL10) was also upregulated 553-to 652-fold in polyplexexposed samples but unchanged in the polymer-only treatments.
Interleukins are another class of cytokines whose gene expression was strongly affected at 24 h by the polyplexes, including IL6, IL1R1, IL1RN, and IL23A. Upregulation of these interleukins was observed for both polyplex-exposed samples, whereas polymer-treated samples were either unchanged or minimally upregulated (∼2-fold upregulation for IL1RN). Upregulation of interleukins IL10 and IL4 in murine spleen cells in response to polyplex treatment was previously observed. 69 These gene expression data, coupled with the chemokine ligand and receptor responses, suggests that the strong inflammatory response displayed in the polyplex-treated cells is a contributing factor to the observed slowed division.
It is well appreciated that the presence of free DNA in different cellular spaces, notably the cytosol that is normally void of DNA, has been shown to induce antiviral responses. 77−80 Even so, the purported benefits of nonviral over viral gene delivery systems almost always include that nonviral systems are less immunogenic than viral systems, 81−87 with the chief drawback of nonviral systems being a lack of comparable transfection and expression efficiency. Indeed, nonviral carriers have been used to specifically deliver antiinflammatory drugs. 88 Our data demonstrate that exposure to nonviral gene delivery nanoparticles induces an inflammatory response in terms of gene expression, though the severity of this response in comparison to a response induced by viral gene delivery agents is not established here. It is possible that the inflammatory responses identified here are primarily related to cytosolic free pDNA that has been released from the polycationic polymeric carrier. For this reason it may be most beneficial for in vivo and clinical applications to pursue polymeric vectors that minimally separate from the pDNA prior to nuclear entry. 89−91
■ CONCLUSION
In summary, when viewed at the whole population level, this study employing PEI/pDNA polyplexes in HeLa S3 and 293A cells appears to support a model where the pathway for protein expression requires cell division. However, when the division of only protein-expressing cells is considered, there is evidence that protein expression occurs without division. These experiments provide a complementary data set using independent methods to previous studies that showed that cell division is not required for protein expression. 12−16 Additionally, we have shown that exposure to polyplexes can cause up to a 2-fold decrease in the doubling time of HeLa S3 and 293A cells. Analysis of changes in gene expression suggests that polyplex exposure slows cell division by upregulation of pathways that arrest the cell cycle in G 1 , and downregulation of pathways related to mitosis. Differences in proliferation rates upon exposure to polyplexes have not been apparent via other techniques and may affect data interpretation. The implications of nanoparticle exposure causing slowed cell division and inflammatory response should be considered in research that employs nanoscale drug or gene delivery vectors.
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